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1961. T HE CHANGES of the coronary flow consequent to changes of the work performed by the heart have been studied extensively (see I for references). The results have been contradictory; some authors report an increase of flow, and some a decrease, when the work augments because of elevations of the pulmonary or aortic pressures.
The present study was undertaken to determine these changes in perfused dog hearts and, in addition, to investigate the influence of changes in the flow on the work performed under standard conditions.
METHODS
Dogs were used, anesthetized with pentobarbital (35 mg/kg, ip.). The h earts studied were excised and were perfused, via the cannulated aorta, by the heparinized blood from a femoral artery of a donor clog. The blood pressure of the donor was recorded on a kymo- graph by connecting the central end of the other femora artery to a mercury manometer.
Another manometer was connected to a side branch of the aortic cannula of the perfused heart.
To avoid changes of the rate of the perfused heart, its S.A. nod constant .e was cru freauencv
.shed and stimuli were applied with (I .5-3/set.) through two serrefines attached to the left auricle. The right auricle was routinely ligated just above the coronary sinus, in order to minimize its share in the volume changes recorded. Three preparations were employed.
In the first (/we~aratz'un I; see fig. I ) the venous coronary output of the recipient heart passed through a cannula (PA) inserted into the right ventricle through the pulmonary artery. A flowmeter of the Condon type (CFR) was interposed between this cannula and another (J) inserted into a femoral vein of the donor dog. The emptyings of the pan of the meter were recorded on the kymograph, thus allowing the measurement of the mean total coronary flow.
With this preparation, the work of the ventricular muscle could be varied and measured as follows (2) . The aortic cannula was firmly secured and used as a fixed insertion.
A light flat-jawed clamp was applied to the apex; a screw allowed its being tightened sufficiently so that it would not slip even when the muscle pulled through it against relatively high loads. The clamp was attached to a long (2-3 m) light rubber spring with variable tension. The shortening of the distance between the two insertions (photographed in a camera) multiplied by the tension is the work performed per beat. The second preparation (preparation II; see fig. I ) was used to record isometric contractions of the right ventricle. The recipient heart was enclosed in a sealed glass jar that contained some Ringer's solution. The jar was connected to a plethysmograph of the bellows type (PL) and the volume changes of the heart were thus recorded on a kymograph.
The temperature of the solution in the jar was kept at 35'-37'C. When, beginning with the right ventricle empty, the venous return to the donor dos was closed by the clamp C, the coronary outflow accumulated in the right ventricle. of the volume of the heart was thus equal to the mean total coronary flow. A side branch of the pulmonary cannula was connected to a strain-gauge pressure transducer (PT). After the appropriate amplification, the pressure changes were recorded from a cathode-ray oscillograph.
As the right ventricle gradually tiled, the diastolic pressure rose and the systolic increments of pressure increased. The clamp C was held closed until the diastolic pressure had reached values varying from LO to 30 mm Hg; it was then released so that the blood accumulated (70-130 cc) in the ventricle promptly returned to the donor dog. intervals.
The level of the output funnel was 30 cm throughout the observations. The level of the input funnel was 15 cm in A and B, and 25 cm in C and D. The changes of the aortic pressure were produced by the procedures described in the section on METHODS.
In the third preparation (preparation III; fig. 2 ; see 3) the right ventricle was cannulated through the pulmonary artery. The cannula had two branches, each with a one-way valve (Vi and Vo). Beyond these valves were two funnels, one for the inflow of blood (I) and the other for the outflow (0). The siphon S1 maintained the level of the blood in 0 constant by dropping the overflow into I, and thus closed the external circuit.
The volume of the blood in the circuit increased continuously because of the coronary flow of the recipient heart. Influence of work of ventricle on coronary Jlow. In any of blood-flow (right scale of the ordinates). As the energy the preparations described above, the work of the right increased, the flow remained constant over a wide range ventricle or of the two ventricles was increased and the of the volumes and then decreased. This decrease was coronary flow was recorded.
The arterial pressure measdue to the rise of the pressure in the right cavities and of ured at the aortic cannula in the recipient heart rethe extravascular compression of the coronary vessels by mained constant when preparation I was used. With the the distended ventricle. other preparations it often tended to decrease during the In the observation illustrated in figure 4 , preparation experimental procedures; it was then maintained ap-11. was used. The level of the 0 funnel was 30 cm above proximately constant by injecting blood intravenously the heart. Between B and C the I funnel was raised from to the donor.
15 to 25 cm. The stroke volumes augmented from 7.3 to Figure 3 illustrates typical results in a series of iso-13.3 cc; the work was thus I .82 times greater in C than metric contractions in which preparation II was employed. in B. Although the mean aortic pressure was higher in The mean aortic pressure was constant throughout the B (92 mm Hg) than in C (84 mm Hg), the coronary observation (I 50 mm Hg). The abscissas are the increflow remained constant (46.5 cc/min.). ments of volume of the right ventricle at which the Influence of coronary jluw on work performed by ventricle. In ordinates were measured. The crosses indicate the values these observations the flow was varied by changing the pressure of the aortic cannula, as described in the section on METHODS. The mechanical (preparation I) or hydrodynamic (preparation 111) conditions under which the heart was working were kept constant. The purpose of the observations was to see whether the changes in flow would modify the work performed. Figure 5 shows the same lack of influence of the flow on the work, in isotonic contractions recorded using preparation I. While the muscle was working against a constant load the coronary flow was varied as shown by the abscissas. The work performed (ordinates) changed only slightly with the three loads used. Figure 6 shows the relations between the aortic pressure (abscissas) and the coronary flow (ordinates) in two of the sets of observations illustrated in figure 5 and in a series of isometric contractions of the same heart. These relations were approximately the same for the three sets, even though the work performed by the muscle varied importantly.
Injhmce of arterial pressure. This influence is illustrated in figure 6 . On the contrary, when the .arterial pressure was kept for some time at a low level (e.g. 40-55 mm Hg) and was then raised to the initial high value, the flow became importantly greater than it had been originally and only gradually decreased to the initial value. Figure 7 illustrates a characteristic observation.
The marked increase of flow in figure 7B can be reasonably attributed to the asphyxia or hypoxia that developed during the period of low arterial pressure. As is well known (see I for references), an inadequate oxygen supply promptly causes coronary vasodilation. This vasodilation becomes apparent as soon as the arterial pressure is raised. As shown in figure 5 , however, even when the blood supply was sufficiently low to produce asphyxia, the work of the ventricle did not decrease over a period of several minutes.
DISCUSSION
The present results do not support the view that there is an intrinsic mechanism in the ventricles whereby they can adjust their blood supply to their work and metabolic requirements (I ). In figure 3 , the work increased importantly even though the coronary flow decreased. And in figure 4 an augmentation of the work did not lead to any change in the flow. Conversely, important changes of the flow do not cause any significant variations of the work performed ok* 5)*
The conclusion emerges that the normal coronary flow provides a wide margin of safety with regard to the oxygen supply of the ventricles.
This supply is ample to cover the metabolic requirements when the work augments over a wide range.
The studies of Ramirez de Arellano (5, 6) on the respiratory requirements of ventricular muscle support this conclusion.
With a constant moderate supply of oxygen, the work of the heart can increase importantly without causing an oxygen debt; if after a period of increased work this work is decreased, the oxygen consumption promptly returns to the initial basal level. Garcia Ramos, Alanis and Rosenblueth (7) reported that an increase of the amplitude of the ventricular contractions caused an augmentation of the coronary flow, because of the increase of the extravascular massaging effect. That study dealt with the changes of the phasic venous flow, for which the systolic massaging effect is important.
The present study indicates that large changes of the amplitude of the contractions do not modify the total mean flow. This flow depends primarily on the arterial inflow, not on the venous outflow.
